Abstract. Lung cancer remains a major cause of cancer-related lethality because of high incidence and recurrence in spite of significant advances in staging and therapies. Recent data indicates that stem cells situated throughout the airways may initiate cancer formation. These putative stem cells maintain protumorigenic characteristics including high proliferative capacity, multipotent differentiation, drug resistance and long lifespan relative to other cells. Stem cell signaling and differentiation pathways are maintained within distinct cancer types, and destabilization of this machinery may participate in maintenance of cancer stem cells. Characterization of lung cancer stem cells is an area of active research and is critical for developing novel therapies. This review summarizes the current knowledge on stem cell signaling pathways and cell markers used to identify the lung cancer stem cells.
Introduction
Lung cancer is one of the most frequently occurring malignancies accounting for 18% of cancers in men world wide and 21% in Western countries [70] . Approximately 213,380 new cases of lung cancer are projected to be diagnosed in 2007 and at least 160,000 deaths are expected to occur next year from this disease in the United States. Annual deaths from lung cancer exceed deaths due to breast, colon, and prostate cancers combined [45] . Despite numerous therapeutic advances during the last thirty years, the majority of patients present with advanced disease because early stage lung cancer is asymptomatic and there are no standard screening procedures in place for high risk populations. Even with the most up-to-date imaging, staging, and surgical modalities, the five-year survival rate following adjuvant therapy for patients with stage IB to IIIA ranges only from 5-15% [48, 101] . In addition, patients with small cell lung cancer (SCLC) frequently present with metastases regardless of the primary tu-mor size [74] . These data support the notion that early disseminated disease in patients with lung cancer is due to enrichment of cancer stem cells in these tumors.
Commonly thought of as a single disease, lung cancer actually represents a group of neoplasias arising from phenotypically diverse cells [9, 98] . These encompass several distinct tumor types: squamous cell carcinoma (SCC), adenocarcinoma/bronchoalveolar (nonsmall cell lung cancer, NSCLC), and neuroendocrine carcinomas. Despite the histological and biologic differences, squamous cell and NSCLC are treated as a homogeneous group and patients presenting with these lesions are treated similarly. The neuroendocrine carcinomas include small cell (SCLC), large cell, atypical and typical carcinoids. Although these tumors have common neuroedocrine origin, they are histologically diverse with widely varying survival rates from less than 5% for SCLC to greater than 90% for well differentiated, slow growing carcinoid tumors [59, 74] .
Ninety percent of lung cancer is caused, at least in part, by cigarette smoking [64] . Despite increased awareness of the carcinogenic potential of cigarette smoke, the incidence of lung cancer continues to increase in parallel with an increase in predominantly young smokers. There has been a shift in lung cancer pathology over the past few decades due to changes in cigarette design and subsequent changes in inhalation patterns [102] . In the 1950's, less than 1% of all cigarettes contained filters and by the late 1990's, more than 95% contained filters. Prior to this change, squamous cell was the predominant cell type. Squamous cells populate the proximal and central airways. With deeper inhalation techniques associated with the use of filtered cigarettes, peripheral adenocarcinoma has taken over as the most common non-small lung cancer subtype.
Despite the fact that the majority of lung cancers can be attributed to smoking, 10% arise in never-smokers, suggesting that several genetic and environmental factors participate in lung carcinogenesis, including genetic polymorphisms, and exposure to radon, cooking fumes, asbestos, heavy metals, and passive smoking. A disproportionate number of never-smoking lung cancer patients are women, and the incidence of lung cancer in never-smoking Asian women in particular is increasing [30] . A high indoor concentration of benzo pyrenes due to indoor coal burning, other environmental causes, and possibly human papilloma virus (HPV) have been linked to this trend [54] .
The prime role of the airways (trachea, bronchi, bronchioles and terminal bronchioles) is to conduct air into and out of the lung and to form a first line of defense against undesired constituents of inhaled air. The airways are continuously exposed to pathogens, irritants, pollutants and agents that produce oxidative stress; therefore, the composition of the respiratory tract surface is very important. The upper airways contain specialized cell types such as ciliated cells and mucous secreting goblet cells. The lower conducting airways (respiratory bronchioles, alveolar ducts and alveolar sacs) participate in gas exchange by diffusion. The alveolar epithelial surface comprises essentially two cell types, the alveolar epithelial type I cell and the cuboidal alveolar epithelial type II cell. Type I cells flatten out and in this way constitute approximately 95% of the total alveolar surface, whereas type II cells are more numerous and produce surfactant [64] .
In the last several years, there is growing evidence that solid tumors are composed of cells with different biological properties, and the capability to sustain tumor growth resides in a small fraction of tumor cells, termed cancer stem cells or tumor-initiating cells [18, 69, 78] . Tumor-initiating cells have been identified in many types of cancers by sorting cell subpopulations based on surface marker expression patterns, and transplantation into animal models. These studies have shown that tumor-initiating cells are responsible for tumor formation and progression, and have stem/progenitor cell properties such as self-renewal, long-term proliferation and expression of genes associated with stem cells of the organ [87, 100] . The purpose of this review is to provide recent information about identification and characterization of cancer stem cells within the lung.
Pathways in stem cell development and cancer stem cells

Common pathways
Much understanding of cancer stem cell biology comes from earlier studies of normal and malignant hematopoiesis. Recent information on normal embryonic and neuronal stem cells, as well as breast and brain cancer stem cells describes common features that define normal and malignant stem cells. This information may be applicable to cancer stem cells from many other organs, including the lung. Cancer stem cells derived either from normal stem cells or from differentiated cells that reverted to a stem cell-like phenotype result in deregulation of the fundamental characteristic of stem cell: the capacity for asymmetric division and self-renewal. The Notch, Hedgehog and Wnt pathways define normal stem cells and guide the behavior of normal pulmonary precursors within several different lineages. Lung cancer of specific phenotypes or locations within the lung that arise from inappropriate expansion of pulmonary cancer stem cell lineages may be caused by abnormal signaling in these pathways. Here, we examine the Notch, Hedgehog and Wnt pathways in lung development and integrate them with current knowledge about lung cancer stem cells. Details of the signaling pathways can be found in [67] .
Notch pathway
Notch signaling requires asymmetry between neighboring cells and is initiated by activation of Notch receptors by ligands present on adjoining cells. Proteolytic cleavage steps generate a Notch intracellular domain fragment (Notch ICD) that associates with the latent transcriptional activator CBF-1 (also referred to as RBP-Jk and SuH), rendering it active. The Notch pathway participates in development and maintenance of normal tissues, by regulation of differentiation and cell cycle progression. Notch pathway is present in the developing lung and lung cancer cells at the receptor (Notch1-Notch4), ligand (Jagged1,2 and Deltalike, Dll1,3,4), and downstream effector (Hes1, Hey1 and HeyL) levels. In the mouse, Notch1 is expressed in the distal lung endoderm as early as E11.5 [44, 76] . Notch2 and Notch3 are expressed in the developing lung mesenchyme that surrounds the primitive epithelium, Notch3 is expressed in epithelial cells [44, 76] and Notch4 in endothelial cells [76] . Notch 1 and 3 are also expressed in Clara cells of adult lung. The Notch ligand, Jagged1, is expressed in lung mesenchyme and lung vessels, and Jagged2 is in the peripheral lung mesenchyme [76] suggesting that Jagged2 interacts with Notch1-expressing airway epithelial cells in the developing lung. Expression of Dll1 is restricted to pulmonary neuroendocrine cells [10, 44, 76] and may interact with Notch1 and 3 expressed on airway epithelial Clara cell progenitors.
Among Notch effectors, Hes1 is expressed in fetal mouse lung and is co-expressed with Notch 1 and 3 in Clara cells [44] . Pulmonary expression of other Notch pathway effectors in the lung is not known, although Hey1 and Hey2 are expressed in the adult lung [90] and HeyL is expressed in lung vasculature [57] . The Notch pathway effectors act as transcriptional repressors to inhibit tissue-specific differentiation proteins, such as mASH1 in mice [36] . mASH1 expression is confined to neuroepithelial bodies and pulmonary neuroepithelial cells, and mice lacking maSH1 in the lungs have no neuroendocrine cells [13] . This suggests that neuroendocrine cell differentiation is regulated by Notch1. Further information on the role of Notch in lung development can be found elsewhere [17] .
There are several reasons to suggest that Notch participates in maintaining lung cancer stem cells. Notch1 and 3 and the downstream Notch effector, Hes-1, are expressed in NSCLC cell lines, although they are rarely detected in SCLC cell lines [14, 17, 19] . SAGE expression profiling data collected in a range of cancer cell lines also implicates the Notch effectors Hes1, Hey1 and HeyL in NSCLC (Gene expression Omnibus Dataset 217, Cancer Genome Anatomy Project SAGE library collection, (http://www.ncbi.nlm.nih.gov/geo). hASH1 expression is inhibited by Notch signaling and hASH1 is elevated in neuroendocrine SCLC, but is rarely expressed in NSCLC [4] . Thus, hASH1 expression in the lung neuroendocrine cells may be regulated by Notch signaling. Deregulated Notch signaling may play a role in SCLC pathogenesis. SCLC cells are growth-inhibited by overexpression of activated Notch1 and 2 [88, 89] . Because Notch signaling is a key pathway in Clara and neuroendocrine cell development and is dysregulated in NSCLC and SCLC, Notch pathway may be an important therapeutic target in lung cancer.
Hedgehog pathway
Hedgehog (Hh) is a morphogen that acts in a shortor long-range fashion on various tissue types [26] . In mammals, there are three Hh proteins: Sonic Hh, Indian Hh, and Desert Hh. During lung embryogenesis SHh, expressed in the budding airway epithelium, is required for lung development and is a key mediator of epithelial-mesenchymal interactions [7] . SHh-null mouse embryos fail to separate trachea from esophagus, resulting in formation of a rudimentary lung sac from a single tracheo-esophageal tube due to failure of branching and growth after formation of primary lung buds [60] . Over-expression of SHh from the SP-C promoter in transgenic mice results in increased epithelial and mesenchymal proliferation [7] . Patched (PTCH) is a surface membrane receptor that is required for SHh signaling that is highly expressed in mesenchyme surrounding the terminal lung buds, and knock-down of PTCH in mice also results in decreased lung branching morphogenesis. Upon SHh binding, PTCH receptors release the smoothened (SMO) protein resulting in activation of GLI, which functions as transcriptional regulator. Knockdown of SMO, GLI2 and GLI3 in mice results in absence of lung development [98] .
Dysregulation of the Hh pathway has been welldocumented in SCLC. The Hh pathway can be constitutively activated by mutations in SMO and amplification of GLI in several cancer types [2] . GLI expression in normal cells is restricted to precursor cells, and may, therefore, participate in cancer stem cell selfrenewal. Persistent SHh pathway activation in SCLC, driven by a high expression of SHh, PTCH and GLI1, is observed in primary SCLC, but rarely in NSCLC cell lines [95] . The Hh pathway can be inhibited by cyclopamine, a naturally-occurring compound which specifically targets SMO [99] . Treatment of SCLC cell lines and cell line xenografts with cyclopamine leads to tumor growth arrest, and SCLC cell lines that overexpress GLI1 can be protected from inhibition by cyclopamine [99] . Thus, vulnerability of SCLC to a blockade of SHh signaling may provide a new therapeutic target approach.
Wnt pathway
Wnt signaling is a critical component of early lung organogenesis and disease [75, 97] . Several of 19 known Wnts are expressed in the adult lung: Wnt2, Wnt5a, and Wnt 11 are expressed in the mesenchyme, and Wnt5a and Wnt7b are expressed in the pulmonary epithelium [53, 58, 86, 96] . Studies of knockout mice reveal the importance of Wnts in lung development [39] . The canonical Wnt pathway involves binding to one of 10 known Frizzled (Fzd) receptors leading to nuclear translocation of β-catenin [51] and transcriptional activaton. Expression of the Wnt inhibitor Dickkopf-1 (Dkk-1) has been observed in the distal epithelium, and Dkk1 inhibits branching morphogenesis [20] .
Disruption of the Wnt pathway has been implicated in non-small cell lung cancer. Wnt2 is overexpressed in NSCLC, and inhibition of Wnt2-mediated signaling by siRNA or a monoclonal antibody results in apoptosis of NSCLC cell lines [105] . Wnt inhibitory factor (WIF1), a secreted Wnt antagonist, inhibits NSCLC cell line growth in vitro and in vivo, and is also downregulated in NSCLC [50] . WIF1 silencing is associated with hypermethylation of its promoter. Methylation-silencing of WIF1 is a common mechanism for aberrant activation of Wnt signaling in lung cancer [39] . Disheveled (dvl) proteins are positive mediators of Wnt signaling. Dvl 3 is overexpressed in 75% of freshly microdissected NSCLC tissue specimens [92] . Inhibition of dvl1, 2 and 3 resulted in decreased β-catenin, TCF-mediated transcription and inhibition of cell growth in NSCLC cell lines [92] . One can speculate that blocking the Wnt signaling pathway may be also an attractive target for therapeutic agents.
Stem cell gene expression
In addition to genes involved in the Notch, Wnt and HH pathways, other genetic markers are associated with cancer stem cells. One of the most interesting genes, Oct-4 (also known as OCT3 or POU5F1), is a mammalian POU family transcription factor required for maintenance of embryonic stem (ES) cell pluripotentcy [73] . Oct-4 expression is downregulated in all differentiated somatic cell types in vitro as well as in vivo by increased DNA methylation and structural changes involving immediate upstream regulatory region [8, 93] .
Oct-4 may be regulated by the Wnt pathway and has the ability to reprogram committed somatic cells, inducing their dedifferentiation by reverting them to a more developmentally potent state [33] . Keratinocytes that overexpress Oct-4 can differentiate into other cell types, based on expression of genes characteristic of neuronal cells: nestin, neuN, and Sox-1. This indicates that Oct-4 may be a master regulator of the pluripotent state in mammalian cells.
Recently, miRNAs have been implicated in the control of self-renewal in stem cells [38] . In particular, studies in Drosophila and mice suggest that miRNAs are important regulators of stem cell differentiation, self-renewal and division [38] . Georgantas et al. recently found 33 miRNAs expressed in CD34
+ hematopoietic stem-progenitor cells that were important for haematopoietic differentiation [31] and miRNA-221, -222 and -223 have been implicated in the inhibition of granulopoiesis and erythropoiesis while miRNA-155 plays a role in normal human myelopoiesis, lung differentiation, and erythropoieis [31] . Also, recent work from NCI has shown that high hsa-mir-155 and low hsa-let-7a-2 expression have been associated with poor outcome in lung cancer [104] .
Stem cells and drug resistance
Another important characteristic of cancer and normal stem cells is resistance to toxic compounds [78] . This concept is specifically applicable to airborne pollutants in reference to lung cancer. Bronchiolar progenitor cells localized within neuroepithelial body (NEB) express reduced levels of cytochrome p450 xenobiotic metabolizing enzymes [79] which reduces intracellular levels of lipophilic toxic metabolites allowing airways stem cells to survive frequent airborne injuries. These same cells also exhibit efficient drug efflux or a 'side population' (SP) phenotype as detected by efflux of Hoechst and other dyes due to ATP Binding Cassette (ABC) transporters [91] . Many ABC transporters, such as ABCB1 (P-glycoprotein, MDR1), ABCC1 (multidrug resistance-associated protein 1, MRP1), ABCG2 (breast cancer resistance protein, BCRP,) and others are highly expressed in lung bronchial epithelium and alveolar type II cells [93, 106] . Over-expression of MDR-1 is detected in lung tumors prior to therapy [82] and enhanced efflux of doxorubicin, cisplatinum, and mitoxantrone is associated with resistance to chemotherapy.
It is not known whether SP cells isolated from lung truly exhibit bona-fide lung stem cell function [63, 91] but SP-associated drug efflux and resistance to chemotherapies occur in lung and other tissue tumor cell lines in vitro. SP cells have stem cell characteristics including enhanced clonogenicity [80] and tumor formation in vivo [11, 41, 52, 65] (Pine and Varticovsky,  unpublished) .
Recently, a side population (SP) has been identified in the lungs of PTEN deficient mice [103] and a variety of lung cancer cell lines [42] . The latter are tumorigenic in vivo, display increased invasive capability and have increased expression of ABC transporters. In addition, Eramo et al. [25] showed that, similar to colon and brain cancer, lung cancer CD133
+ cells are resistant to conventional chemotherapy, including cisplatin, etoposide, gemcitabine, vinorelbine, docetaxel, doxorubicin, and daunorubicin.
Aldehyde Dehydrogenase (ALDH), a drug-resistance gene found in normal hematopoietic stem cells [46] , was recently found in several types of cancer initiating cells, including NSCLC [71, 83] . Expression of ALDH is regulated by the Hh pathway [27] and blockade of hedgehog signaling inhibits pancreatic cancer invasion and metastases [28] . ALDH1 participates in the oxidation of retinal to all-trans retinoic acid [81] , and confers drug resistance to chemotherapeutic agents, such as cyclophosphamide, by an uncertain mechanism [5] .
Evidence of cancer stem cells in lung cancer mouse models
In the mouse, stem cell niches have been identified in the lung that may be targets for cancer initiation and promotion. These stem cell niches maintain epithelial differentiation in the airways [32, 43] . Of particular interest is a sub-type of Clara cells residing at the brochioalveolar junction that is able to regenerate Clara and alveolar cells lining the terminal bronchioles and alveoli [32] . A recent study [49] provided exciting insights about how these bronchioalveolar stem cells may be involved in normal lung-tissue homeostasis and development of lung cancer. The bronchioalveolar stem cells co-express Clara, alveolar cell markers, and stem cell markers, Sca-1 and CD34, and are refractory to the lung-damaging agent, naphthalene. These cells are likely candidates for NSCLC stem cells because of their capacity for self-renewal and tissue regeneration. Expression of oncogenic K-ras in mouse broncheoalveolar stem cells resulted in heightened proliferation as compared to differentiated alveolar cells. These features are similar to expansion of broncheoalveolar stem cells in adenocarcinoma [49] . Validation of these cells as tumor-repopulating cells and identification of human broncheoalveolar stem cells have not been reported.
Methods used for identification and characterization of cancer stem cells
Cell surface markers
Although we tend to think of a tumor as a single type of tissue, even undifferentiated hematopoietic tumors contain cells that differ by surface markers that mark the capacity for self-renewal and differentiation. Theories proposing that cancers contain stem cells were published over 20 years ago [62] , but only ten years ago experimental evidence was provided that tumor-initiating cells in human acute myeloid leukaemia (AML) share cell surface (CD34+CD38−) phenotype with normal hematopoietic stem cells [12] . Identification of hematopoietic cells with long-term and short-term proliferative capacity has provided information on stem cells and lineage-specific progenitor cells. Several cell surface markers indicate the potential stem cell characteristics of epithelial tumors. Table 1 lists known or potential stem cell markers in lung cancer.
CD44 is a ubiquitously expressed multispanning transmembrane cell-surface adhesion glycoporotein that mediates cell-matrix and cell-cell interactions. Expression of CD44 correlates with drug resistance and poor prognosis in many malignancies [61] . In addition to hyaluronic acid, CD44 can be bound by fibrinogen, fibronectin, collagen, laminin, FGF-2, and other heparin-binding growth factors [61, 66] . CD44 also binds to, and is upregulated by ostopeontin, an inflammatory cytokine associated with metastatic progression, and this interaction may constitute a feedback loop for survival of disseminated cells closely resembling the origin of cancer stem cells [22] . CD44 is found in hematopoietic, breast, and other malignant stem cells, including SCLC and NSCLC [55] . Alternative splicing of this complex proteoglican was correlated with survival in patients with NSCLC [56] .
CD133 (prominin-1) is a glycoprotein with five membrane-spanning domains [85] that was initially detected in endothelial cells, but recently found alone or in combination with other cell surface markers in brain [94] , colon and pancreatic cancer-initiating stem cells. CD133 expression correlates with drug resistance [68] and brain tumor-derived and cell lines-sorted CD133 positive cells have a distinct gene expression profile [6] . A recent paper identified CD133 as a lung CSC marker. Using CD133 + cells isolated from human lung tumors of diverse histological type, the authors reported that these cells grew indefinitely as tumor spheres, although a large number of cells, i.e., 10 4 , were required for tumor reconstitution in mice [25] . Thus, these data support our investigation into the characterization, modulation and targeting of lung CSC. Expression of CD117 (c-Kit) and its ligand, stem cell factor in neuroendocrine tumors of the lung and other organs has been known since the early 1990's [40] . Although less than a third of patients with adenocarcinomas and squamous tumors express CD117, its expression is associated with poorer prognosis in early stage patients [72] . In contrast to GI stromal tumors (GIST), no mutations of CD117 are found in these tumors, and Phase II clinical trials failed to demonstrate clinical efficacy of Abl/c-Kit/PDGF inhibitor, imatinib, in lung cancer patients [3, 23] or in patients with other neuroendocrine tumors [34] selected for expression of c-Kit. Thus, it is unlikely that CD117 marks an early progenitor in these tumors. Additional trials using combination of imatinib with conventional chemotherapies are ongoing.
Expression of other tyrosine kinase (TK) receptors, notably epidermal growth factor receptor (EGFR), c-Met and platelet-derived growth factor receptor (PDGF), are associated with poor prognosis in patients with NSCLC. In addition, Asian women with adenocarcinoma of the lung show a significantly higher response rate to gefitinib, an EGFR tyrosine kindase inhibitor. Several EGFR kinase domain mutations may confer susceptibility to EGFRinhibitors [16] whereas T790M mutation has emerged as a marker of resistance to these molecular targeted therapies [84] . In addition, signaling by EGFR requires ERBB3/PI 3-K/Akt and this pathway can be activated by overexpression of MET oncogene in EGFR inhibitor-resistant cells [24] .
Other cell surface markers, such as several chemokines and urokinase plasminogen activator (uPA) and its receptor, uPAR (CD87), have been found in SCLC, co-express CD44 and the MDR1 drug resistance gene [35] . The role of these proteins in contributing to lung cancer is not known.
In vitro expansion and in vivo validation of lung cancer stem cells
Validation of cancer stem cells based on expression of cell surface markers is hampered by inherent difficulties in ex-vivo expansion of the putative stem cell population and visualization of cancer cells in the lung. By definition, the capacity of self renewal parallels reconstitution of the original population of cells. Thus, growth of cells in vitro or in vivo, initially sorted based on a specific stem cell marker, results in reconstitution of the original phenotype and loss of stem cell enrichment. Several investigators reported that plating individual cells in semisolid media, such as collagen or Matrigel, in presence of epidermal growth factor and basic FGF generates 3-dimensional spheroid structures that preserve stem cell markers [15] . Although mathematical models have provided a useful guide to estimate cell number in these structures [21] , further characterization of these cells requires dissociation into single cell suspension. Selection of cells that survive sublethal doses of chemotherapeutic agents in vitro has been proposed for selection of cancer stem cells, but this will primarily identify drug resistant cells. Further studies on methods that allow expansion of cancer stem cells in vitro are critical for their characterization and development of stem cell-targeted therapies.
Validation that cancer stem cells form tumors in vivo requires implantation into immunosuppressed mice. Orthotopic implantation of lung cancer into the mouse has been shown to be superior to commonly used subcutaneous (Orthopic) methods for tumor growth and drug response. Intrabronchial and percutaneous implantation into lung parenchyma has been used with variable success [47] . In addition, visualization of tumor growth is best when cells are labeled with fluorescent or bioluminescent markers. In vivo generation of lung cancer from isolated cancer stem cells using a combination of these methods provides a valuable preclinical model for testing novel cancer stem-cell targeted therapies.
Conclusions
Although molecular analysis of gene expression [1, 29, 37] has contributed greatly over the past 10 years to understanding molecular mechanisms in development of lung cancer, we have not impacted disease survival, altered treatment strategies, or refined staging system. Recent microarray data, the lung metagene model, may permit more accurate staging for these cancers and define those which will benefit from which adjuvant therapy [77] . Combination of these techniques with development of specific agents that target cancer stem cells will provide much needed information for improving the outcome of patients with lung cancer.
